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ABSTRACT

Felbamate, a valuable antiepileptic drug, suffers from low water solubility and potential side effects, limiting its therapeutic
application. This study addresses this challenge by developing a felbamate nanosuspension for nose-to-brain delivery using a
three-factor, three-level Box-Behnken design. The research focused on identifying the optimal combination of key formulation
variables, chitosan concentration, chitosan/sodium tripolyphosphate ratio, and Tween 80 surfactant concentration to achieve a
nanosuspension with desirable particle size, polydispersity index, and high entrapment efficiency (%EE), all critical parameters
for efficient drug delivery via the nasal route. The study identified an optimized formulation consisting of 0.176% chitosan, a
3.3:1 chitosan/TPP ratio, and 1.55% Tween 80 through rigorous experimentation and response surface methodology analysis.
The optimized formulation yielded a nanosuspension of 115.0 £ 4.37 nm mean particle size, 0.118 + 0.021 polydispersity
index, and +34.08 + 2.4 mV zeta potential, indicating a stable system with a narrow size distribution suitable for enhanced
drug delivery. The entrapment efficiency of 93.18 + 1.69% confirmed effective encapsulation, while in-vitro dissolution studies
demonstrated a significantly higher dissolution rate compared to pure felbamate, suggesting improved bioavailability. The
results emphasize the capacity of this optimized nanosuspension to improve the therapeutic efficacy of felbamate and hence
justify additional preclinical and clinical research.
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INTRODUCTION

Felbamate, an antiepileptic drug known for its efficacy in
treating refractory seizures, grapples with a significant

and potentially improved bioavailability.** This improved
formulation can lead to more consistent and reliable therapeutic
effects, potentially lower dosing requirements, and a reduction

limitation - its challenging solubility profile and first-pass
metabolism.'> The oral use of felbamate leads to inadequate
absorption, resulting in uneven treatment outcomes and
requiring higher doses to achieve the desired effect, therefore
increasing the risk of undesirable side effects. Developing
innovative formulations is crucial to reduce the negative effects
of drugs and explore more targeted delivery methods.

This study focuses on a novel formulation, a felbamate
nanosuspension designed for nose-to-brain drug delivery.
Nanosuspensions address the limitations of felbamate by
significantly enhancing the drug’s solubility and dissolution
rate. They increase the surface area of the drug particles,
facilitating better absorption through the nasal mucosa

in side effects, thereby enhancing patient compliance and
overall treatment efficacy.® Additionally, the stability of the
nanosuspension formulation ensures prolonged shelf life and
effectiveness, making it a promising approach for optimizing
Felbamate therapy.”®

This study employed Response Surface Methodology
(RSM) due to its well-established capability to optimize
multiple variables and their interactions to achieve the
desired formulation characteristics.”!” The methodology
employs several experimental designs, formulates polynomial
equations, and maps the response throughout the experimental
domain to identify the optimal formulation(s), all rooted in the
concept of design of experiments (DoEs).!'"1* RSM is used to
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generate and optimize a felbamate chitosan nanosuspension,
which may be more successful than conventional formulation
due to its nose-to-brain targeting and fewer systemic
side effects. Nanosuspension requires less expensive and
sophisticated equipment than other drug delivery techniques.
Optimization can reduce the number of experimental trials
needed to formulate nanosuspension with optimal mean
particle size, minimum polydispersity index (PDI), and
maximum drug entrapment efficiency. This study aimed to
formulate and optimize felbamate nanosuspension using a
response surface approach using Box-Behnken Design. The
optimized felbamate nanosuspension (FNS) formulation was
tested for surface morphology, particle size, polydispersity
index, drug entrapment, and in-vitro drug release.

MATERIALS AND METHODS

Materials

A free sample of felbamate was provided by Merck Ltd.,
Mumbeai, India. Chitosan came from Wanbury Ltd. Mumbai,
India. UK-based Aldrich Chemicals supplied sodium
tripolyphosphate. S D Fine Chem. Ltd., Mumbai, India,
supplied acetic acid and mannitol. All chemicals were of
analytical quality and were used without any modifications.
Design Expert 12.0.3.0 (Stat-Ease Inc., MN) was used to
optimize the formulation.

Methods

Development of felbamate-loaded chitosan nanosuspension

Chitosan nanosuspension was prepared by ionic cross-linking
of positively charged chitosan (CS) with tripolyphosphate
(TPP) anions (Ionic gelation method).>!*!5 In this method,
CS solution was made in 1.5% v/v acetic acid and separately
sodium TPP was made in distilled water. The addition of the
surfactant Tween 80 was made to the CS solution. Subsequently,
the sodium TPP solution was gradually introduced into the CS
solution while slowly swirling with gentle magnetic stirring
and sonication at ambient temperature. The cross-linking of
CS by TPP produced the resulting CS nanosuspension. To form
felbamate-loaded CS nanosuspension (FNS), the felbamate
solution in polyethylene glycol-400 was added to the chitosan
solution before the surfactant and TPP. The resulting FNS were
concentrated using ultracentrifugation for 15,000 rpm at 4°C
for 30 minutes. The liquid portion above the sediment was
discarded, and the remaining material was used to determine
the entrapment efficiency. The nanosuspension was freeze-
dried using a lyophilizer to create freeze-dried nanoparticles
(NPs) and kept for subsequent characterization experiments.'®

The process variables (independent variables) that affected
FNS particle size, PDI, and %EE were examined. To determine
how different process variables affected the development
of FNS, several experimental batches were produced using
the formulas provided by Design Expert®. Characterization
of the optimized FNS formulation assessed particle size,
polydispersity index, drug entrapment efficiency, and drug
release.

Experimental design using BBD

Statistical models were employed to optimize the felbamate
nanosuspension. This study employed a 3-factor, 3-level BBD
to develop polynomial models for the statistical optimization
of formulation variables in the production of FNS. We utilized
Design Expert® (Software Version 12.0.3.0, Stat-Ease Inc.,
MN) for this specific objective. The design consisted of five
replicated central points and a cluster of points positioned
at the midpoint of each side of the multidimensional cube.
Empirical experiments were conducted to identify the distinct
values of the independent variables. The chosen independent
and dependent variables, together with their corresponding
low (-1), medium (0), and high (+1) levels, are presented in
Table 1. The selected independent variables for formulation
were the concentration of the surfactant (CS) (X)), the ratio
of CS to TPP (X,), and the concentration of the surfactant
(Tween 80) (X;). The dependent variables selected were the
particle size (Y)), the polydispersity index (Y,), and the drug
entrapment efficiency (EE%) (Y;). The goal was to attain a
high level of entrapment efficiency, a low polydispersity index
(PDI), and an optimum particle size. The 17 formulas of the
BBD-response surface methodology are listed in Table 2. An
appropriate statistical model was defined as one with a p-value
below 0.05. The R? statistical measure and analysis of variance
(ANOVA) were used to validate the most suitable model. The
results of these trials were analyzed using ANOVA, a statistical
method that determined the importance of components and the
interactions between them.

The polynomial model was used to represent the responses
(Y}, Y,, and Y3). This model was produced using the response
surface approach and Design Expert® software. The model
is provided below:

Y=Db, + b X; + b, X, + bX5 + b, X X, + b3 X X5 + byyXp Xy
+ by X% + by Xy + byXy? Eq. (1)

The variable Y denotes the outcome that is measured for
every combination of factor levels. The coefficient b, is the
intercept parameter, and by, b,, and b, denote the coefficients for
linear regression. Denoted as b,,, b3, and b,3, the coefficients
correspond to the interaction regression coefficients, whereas
by}, byy, and by, indicate the coefficients for the quadratic

Table 1: Factors and responses used in BBD for the formulation of FNS

Variables Levels

Factors (Independent Variables) -1 0 +1

X ;= Chitosan concentration (%w/v) 0.10 0.20 0.30
X,= CS/TPP ratio 2:1 3:1 4:1
X5 = Surfactant concentrations (%v/v) 1 2 3

Response (Dependent Variables): Constraints

Y, = Nanoparticle size (nm) Minimize
Y, = Particle size distribution (PDI) Minimize
Y; = %EE Maximize
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Table 2: BBD layout for FNS formulation

Formulation Variable Responses
Batch code
X, X, X; Y, (nm) mean £ SD Y, mean = SD Y; (%) mean = SD

FNSI? 0.2 3:1 2 1253 +£2.10 0.1430 + 0.0532 94.73 £2.43
FNS2? 0.2 3:1 2 122.1+1.52 0.1380 +0.0421 93.96 +3.71
FNS3 0.3 2:1 2 136.33 + 1.56 0.4310 +0.3548 63.65 +6.34
FNS4 0.2 2:1 1 97.24 +1.87 0.2310+0.3476 60.79 £ 4.76
FNS5* 0.2 3:1 2 121.42 + 1.44 0.1390 + 0.3467 93.88 +1.34
FNS6? 0.2 3:1 2 123.61 +£1.56 0.1420 +0.4531 91.96 +2.56
FNS7 0.1 2:1 2 115.55+2.34 0.2010 +0.0341 66.88 +£2.56
FNS8 0.2 4:1 1 117.59 +3.15 0.2510+0.4171 85.69 £3.98
FNS9 0.2 2:1 3 127.31 +£2.33 0.4210 +0.0912 60.79 +7.43
FNS10 0.3 3:1 1 131.62 +4.29 0.6210 + 0.0023 64.75 + 6.55
FNS11 0.1 4:1 2 130.64 +2.34 0.2910 +0.1300 80.96 +3.54
FNS12 0.2 4:1 3 149.57 +5.67 0.4510 + 0.0620 65.78 +4.61
FNS13 0.3 3:1 3 162.44 + 4.62 0.6410+0.1243 62.99 +5.42
FNS14? 0.2 3:1 2 122.37+£2.59 0.1370 £ 0.1118 94.71 £5.54
FNS15 0.1 3:1 1 103.48 £3.31 0.2910+0.1823 77.55 +5.66
FNS16 0.3 4:1 2 157.77 +£2.36 0.4010 £+ 0.0064 85.88 +2.69
FNS17 0.1 3:1 3 149.69 +3.22 0.6310 = 0.0082 60.89 + 6.83

Where X, X,, X3, Y}, Y, and Y; are mentioned in Table 1; * indicating the replicated centre points of design

regression. Based on the observed experimental values of Y,
these coefficients are derived. The variables X, X,, and X,
are defined as independent variables. Expressions X, X,, X;Xj,
and X,X; denote the interactions between variables X, and X,
X, and X;, and X, and Xj, correspondingly. In contrast, X,?,
X,%, and X;* denote quadratic terms. To graphically depict
the influence of the independent variables on the dependent
variables (measured responses), 3D response surface graphs
were generated. The goal was to decrease the particle size
and polydispersity index while maximizing the percentage of
entrapment efficiency to optimize the formulation.'?

Particle size and polydispersity index (PDI)

100ul aliquots from all nanosuspension batches were diluted
with distilled water (900ul) and average particle size and
polydispersity index were measured by Zeta sizer (Malvern
Instruments, UK) at 25°C under a fixed scattering angle of
90°.171% All experiments were performed thrice (n = 3).

Entrapment efficiency

The method described by Bhattamisra et al., (2020) was
used to determine the amount of entrapped felbamate in all
optimization batches. This method indirectly measured the
entrapped Felbamate in FNS by quantifying the remaining
free felbamate in the aqueous supernatant medium. To do
this, 10 mL aliquots were subjected to ultracentrifugation at
20,000 rpm at 4°C for 60 min. The resulting clear supernatant
was then diluted and analyzed using UV spectrophotometry at
257 nm wavelength to detect the free drug in the solution.?*?!

The % EE (entrapment efficiency) was calculated using the
equation provided below:

Initial weight of drug (mg)—Free drug in supernatant (mg
EE = @9 100  Eq. (2)

Initial weight of drug (mg)

In-vitro drug release study

The drug release study was conducted using a vertical Franz
diffusion cell with a diffusion area of lcm? and a capacity of
15 mL. For this study, a dialysis membrane (cutoff 2 KDa)
was used. A total of 4 Franz diffusion assemblies were made
for the study in which 3 Franz diffusion assemblies for the
formulation (FNS) for triplicate results and one for control
(pure drug aqueous suspension). A 1.55 cm? contact area
dialysis membrane was affixed to the receptor compartment
of each Franz diffusion cell. The receptor compartment of
each Franz diffusion cell was filled with a phosphate buffer at
a pH of 6.4. Each assembly was positioned on the magnetic
stirrer and maintained at a temperature of 37 + 0.5°C while
being continuously stirred at 100 rpm. FNS equivalent to 5
mg of FBM was added to the donor compartment of each of
the three Franz diffusion cells. The receptor compartment of
the 4th Franz diffusion assembly was filled with a suspension
of Pure FBM (5 mg) in phosphate buffer at a pH of 6.4. 1 ml
of sample was withdrawn from the receptor compartment of
each Franz diffusion cell at specified time intervals with the
replacement of an equal volume of fresh phosphate buffer
(pH 6.4) to maintain the sink condition. The samples were filtered
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with Millipore and then analyzed by UV-Spectrophotometer
at 257 nm wavelength for estimation of the amount of drug
released as a function of time.??

RESULTS AND DISCUSSION

Formulation Preparation and Optimization of FNS

The BBD was utilized to establish the correlation between the
concentration of CS (chitosan), the ratio of CS to sodium TPP
(tripolyphosphate), and the concentration of surfactant on the
response variables to optimize the felbamate nanosuspension
for nose-to-brain targeting. The formulation variables and
their observed responses are displayed in Table 2. The
particle size (Y,), polydispersity index (PDI) (Y,), and percent
encapsulation efficiency (%EE) (Y;) for all the formulation
batches varied between 97.24 + 1.87 and 162.44 + 4.62 nm;
0.137 and 0.641; and 60.79 +4.76 to 94.73 + 2.43% respectively.
The excellent consistency in FNS preparation and response
analysis was demonstrated by the strong concordance among
the five test replicates (FNS 1, 2, 5, 6, and 14).

Optimization of Formulation by BBD

Fitting response data to model statistics

The results of the 17 formulations were collectively fitted
to linear, 2FI (two-factor interaction), quadratic, and cubic
models. The R? value for the quadratic model was found to be
greater than 0.9, and maximizing the adjusted R? and predicted
R2values, revealed that the quadratic model provided the most
accurate match to the data.

The ANOVA findings indicated that the quadratic model
was significant and the lack of fit for the suggested quadratic
model was not significant, as seen by the p-values for the model
and lack of fit, respectively for each response. This suggests
that the selected model fits well with the data. The ANOVA
analysis revealed that the F ratio was greater and the p-value
was smaller for the variables X, X,, X5, X,;X;, and X%,
indicating their substantial impact on the response variables Y,
(which represents nanoparticle size) and Y, (which represents
polydispersity index). The effect of interaction factors X, X,,
and X, X5; quadratic factors X, and X;* were insignificant on
particle size. The factors X, X,, X, and X4 significantly affect
the polydispersity index of nanoparticles. The interaction factor
X,X; was not significant for PDI. The factors X,, X5, X;Xj3,
X, X5 X% X%, and X5? were significantly affect Y (percentage
entrapment efficiency of nanoparticles). The X, X, and X, were
insignificant for %EE. For each response, inputs for quadratic
model parameters generated by the Design Expert software
are given in Table 3.

Table 3: Projected values produced by design expert software

gzzj;atic R2 zligljusted z;”edicted sD e
Response (Y,;) 0.9904  0.9781 0.8735 2.62 2.03
Response (Y,) 0.9997  0.9993 0.9961 0.0047 1.42
Response (Y;)  0.9905  0.9783 0.8717 2.06 2.68

Analysis of response data

The coefficients and p-values of individual and combined
factors provide a quantitative measure of the influence of
each factor on the chosen responses (Table 4). The numerical
value of the regression coefficient is the expected change in the
response for every one unit change in the factor value while
holding all other factors constant.

The quadratic model’s polynomial regression equation (in
terms of Actual factors) for individual responses was generated
to quantify how much formulation variables affect individual
responses (Equation 2-4).

Particle size (Y,) = 80.7487 - 379.525 X, + 11.065 X, +20.2425
X, + 15.875 X, X, -38.475 XX, + 0.4775 X, X, + 1299.63 X,
-0.88375 X,* + 0.85125X2 (Eq.2)

PDI (Y,) = 0.8075 -4.624 X+ 0.11765 X, - 0.58115 X5 - 0.3 *
X, X, - 0.8 X,X;+ 0.0025 X,X; + 19.935 X,2- 0.00815 X, +
0.20685 X;? (Eq. 3)

EE% (Y3) = -111.14 + 277.573 X, + 67.519 X, + 69.4572 X, +
20.375 X, X, + 37.25 X, X5 -4.9775 X, X; - 4.9775 X2 - 8.894
X,% - 16.6915 X5? (Eq. 4)

Effect of formulation variables on response Y, (Particle Size)

Nanoparticle size analysis revealed a range of 97.24 to 162.44
nm (Table 2), satisfying the desired range (10-300 nm) for
nose-to-brain delivery of felbamate ®. It was observed that
the nanoparticle size was dependent upon the concentration
of CS, CS/TPP ratio, and surfactant concentration, where the
lowest nanoparticle size (97.24 nm) corresponds to the 0.2% CS
concentration, lowest CS/TPP ratio (2:1) and lowest surfactant
concentration (1%). The positive and negative signs preceding
each term in the regression equation indicate the positive and
negative impact on the response variable.

The regression equation developed by Design Expert
(Equation 2) showed that nanoparticle size (Y,) was inversely
related to CS concentration (X,) and directly related to CS/TPP
ratio (X,) and surfactant concentration (X;). This equation’s
intercept was 80.7487. The intercept was nanoparticle size
when all independent variables (X, X,, and X;) were zero.
The coefficient of Chitosan Concentration (X,) was -379.525,
indicating aggregation at higher concentrations. X, coefficient
of 11.065 indicated that the CS/TPP ratio increased particle
size. The 20.2425 coefficient of X; indicated that increased
Tween 80 concentrations caused bigger particle sizes.
Tween 80 concentrations from 0.1 to 0.3% v/v cause particle
agglomeration. This may be due to FNS surfactant saturation.
The particles aggregate because they are mostly adsorbed on
the surfactant. The coefficient of X, X, was 15.875. A positive
number meant X, and X, increased particle size. The XX,
coefficient was -38.475. A negative score indicated X, and
X5 reduced particle size. The X,X; coefficient was 0.4775.
A positive result meant X, and X, increased particle size.
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Table 4: Regression coefficient values for FNS

Size of nanoparticles (nm)

Particle size distribution (PDI)

Entrapment Efficiency (EE %)

Independent variables

Regression coefficient  p-value Regression coefficient  p-value Regression coefficient p-value
Intercept 122.96 <0.0001 0.1398 <0.0001 93.848 <0.0001
X, 11.1 <0.0001 0.0850 <0.0001 -1.12625 0.1660
X, 9.8925 <0.0001 0.0138 <0.0001 8.275 <0.0001
Xs 17.385 <0.0001 0.0938 <0.0001 -4.79125 0.0003
XX, 1.5875 0.2655 -0.0300 <0.0001 2.0375 0.0885
X X5 -3.8475 0.0219 -0.0800 <0.0001 3.725 0.0086
X, X5 0.4775 0.7266 0.0025 0.3186 -4.9775 0.0019
X2 12.9962 <0.0001 0.1994 <0.0001 -10.6115 <0.0001
X,? -0.88375 0.5117 -0.0082 0.0088 -8.894 <0.0001
X2 0.85125 0.5269 0.2069 <0.0001 -16.6915 <0.0001

The quadratic factors X, and X;? had positive coefficients of
1299.63 and 0.85125, respectively, demonstrating that raising
each variable’s squared value increased particle sizes. X,2’s
positive coefficients (-0.88375) show that increasing each
variable’s squared value reduces particle sizes.

Response surface methodology employed 3D model graphs
to depict the influence of formulation variables on responses.
By fixing one variable, the plots allowed for a qualitative
assessment of how the remaining two variables interact and
impact the dependent response. The 3D response surface
plot (Figure 1A-C) shows how independent variables affect
particle size. Two independent variables (X, and X,) and a
dependent response variable (particle size) are shown in Figure
1A. The surface color gradient showed particle size response
values at different X, and X, combinations. Blue areas had
smaller particles, whereas red spots had larger ones. The plot
showed that chitosan concentration (X,) increases particle size
(red spots). As expected, increased chitosan concentrations
cause agglomeration and bigger particles. The surface plot
also demonstrated that a higher CS/TPP ratio (X,) increases
particle sizes (red spots). Chitosan excess may cross-link
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TPP molecules, resulting in bigger particles. The relationship
between X, and X, was critical. Due to combination actions,
increased chitosan concentration and CS/TPP ratio may
increase particle size.

Figure 1B shows the link between the independent
variables (X; and X;) and the dependent variable (particle
size). Increased chitosan concentration (X,) leads to bigger
particle sizes (red spots). This supports the idea that increased
chitosan concentrations cause particle aggregation and size.
Higher Tween 80 (X;) concentrations increase particle sizes
(red regions). Tween 80, a surfactant, aggregates particles at
high concentrations. The interplay between X, and X5 matters.
High chitosan and Tween 80 concentrations may increase
particle size due to combination effects. Figure 1C shows the
association between CS/TPP ratio, Tween 80 conc. (%v/v),
and particle size. The plot showed that raising the CS/TPP
ratio increases particle sizes (red regions). Again, increased
Tween 80 concentrations result in bigger particles (red spots).
Also important is X, and X5 interaction. If the CS/TPP ratio
and Tween 80 concentration are high, combined impacts may
increase particle size.

Particle size (nm)

X1: CS conc. (%w/v) X3: Tween 80 conc. (%vA) 15 X2: CS/TPP ratio

Figure 1: The impact of formulation variables (X, X, and X;) on Particle Size (Responses Y )
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Effect of formulation variables on response Y, (PDI)

All 17 formulations had PDIs between 0.137 and 0.641 (Table 2).
The regression equation developed by Design Expert showed
that polymer concentration (X,) inversely affected PDI (Y,),
whereas CS/TPP ratio (X,) and surfactant concentration (X;)
did not. The baseline PDI value when all predictor variables
(X, X,, X5) were zero was 0.8075 in this regression equation.
X,’s negative coefficient (-4.624) showed that PDI decreases
with chitosan content. A positive coefficient (0.11765) of X,
showed that raising the CS/TPP ratio somewhat raises PDI.
Higher Tween 80 concentration decreased PDI, according
to X;’s negative coefficient (-0.58115). The interaction term
XX, (-0.3) revealed that CS/TPP ratio affected chitosan
concentration. Tween 80’s influence on chitosan concentration
was reflected by the interaction term X, X5 (-0.8). Quadratic
terms (X,%, X,%, X3%) caused non-linear effects. Their
coefficients represented response surface curvature.

The 3D response surface plot (Figure 2A-C) shows how
independent variables affect particle size. Figure 2A shows the
association between two independent variables (X, and X,)
and Y, (PDI). PDI decreased as CS concentration increased,
according to the plot. Lower nanoparticle PDI values suggested
anarrower size distribution. High-CS concentrations produced
more uniform particles. Encapsulation and particle size were

improved by CS. Minimizing PDI required an ideal CS/TPP
ratio. Deviating from this optimal ratio may broaden size
distributions. Because the optimum mix ensures nanoparticle
stability and cross-linking. Too much or too little TPP may
influence particle size. The surface curvature showed CS conc.
and CS/TPP ratio interactions. The lowest PDI was at certain
CS concentrations and CS/TPP ratios.

The link between X; and X3, two independent variables,
and Y, (PDI), a dependent response variable, is shown
in Figure 2B. Increased CS concentration lowered PDI.
High-CS concentrations produced more uniform particles.
Encapsulation and particle size were improved by CS. Initial
PDI reduction may increase with Tween 80 content. However,
after reaching an appropriate concentration, increasing it
further could result in higher PDI. Nanoparticles become more
stable and dispersible with Tween 80. Insufficient Tween 80
may impair dispersion and affect PDI. Too much Tween 80
can disturb encapsulation or create instability. The surface
curvature showed CS and Tween 80 interactions. Specific CS
and Tween 80 concentrations yielded the lowest PDI.

In Figure 2C, PDI (Y,) is a dependent response variable to
two independent variables, X,: CS/TPP ratio and X: Tween 80
conc. (%v/v). The plot showed that PDI increased with Tween
80 concentration. Blue (lower PDI) to green (greater PDI)
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along the x-axis showed this. PDI increased with the CS/TPP
ratio. The y-axis color change from blue to green reflects this.
The curved surface showed that Tween 80 concentration and
CS/TPP ratio affected PDI. We observed blue areas where PDI
was lowest at certain concentrations and ratios. Beyond those
marks, PDI increased (green).

Effect of Formulation Variables on Response Y; (EE%)

All 17 formulations had EE%s between 60.79 and 94.73%
(Table 2). The regression equation (Eq. 4) developed by the
Design Expert showed that polymer concentration (X,), CS/
TPP ratio (X,), and surfactant concentration (X;) directly
affected EE% (Y3). Entrapment Efficiency (EE%) was
baselined at -111.14% when all predictor variables (X, X,,
X;) were zero. A positive X, coefficient (277.573) suggested
that EE% increased with X;. A positive X, coefficient (67.519)
indicated a small increase in EE%. Positive X5 coefficients
(69.4572) indicated higher EE%. The interaction term X,X,
(20.375) suggested that X,’s effect depends on X,. The
interaction term X, X; (37.25) showed that X, and X affected
EE%. The interaction term X,X; (-4.9775) showed that X,’s
influence depends on X,. The quadratic term (X2, X,?, X3?)
contributed non-linearly to EE%.

The Figure 3(A-C) 3D response surface plot shows how
independent variables affect EE%. Y, (EE%) is dependent on
two independent factors (X, and X,), as shown in Figure 3A.
Increasing X, may raise EE% to a point. After that, increasing
X, may not improve EE% or perhaps reduce it. At low
concentrations, CS may not be enough to encapsulate the active
ingredient. FBM encapsulation rises with CS concentration.
At high concentrations, aggregation or other problems may
impair EE%. The best CS/TPP ratio varies on the system and
formulation. A good CS/TPP ratio was important since too low
aratio could produce incomplete cross-linking and inadequate
encapsulation, while too high could induce excessive cross-
linking and lower EE%.

A dependent response variable Y; (%EE) is related to
two independent variables (X, and X;) in Figure 3B. As CS
concentration (X,) increased, EE% improved partially. After
that optimal concentration, EE% may not improve or may even
drop. It may have been because low CS concentrations were
inadequate to encapsulate the active ingredient. More drug can
be enclosed with higher CS concentrations. However, large
CS concentration may create aggregation or other problems,
lowering EE%. Tween 80 concentration may initially boost
EE%. Beyond an appropriate concentration, increasing may
lower EE%. Nanoparticles become more stable and dispersible
with Tween 80. Poor dispersion from too little Tween 80 can
affect EE%. Too much Tween 80 can disturb encapsulation or
create instability. The surface curvature showed CS and Tween
80 interactions. Specific CS and Tween 80 concentrations
yielded the maximum EE%.

Figure 3C shows the relationship between Y3, a dependent
response variable, and two independent components, X,: CS/
TPP ratio and X;: Tween 80 conc. (%v/v). The plot showed
that low CS/TPP ratios may cause incomplete cross-linking
and poor encapsulation. High ratios can produce excessive
cross-linking, reducing EE%. Initial Tween 80 concentration
may enhance EE%. Increases may lower EE% beyond a
certain concentration. Insufficient Tween 80 dispersion affects
EE%. Too much Tween 80 can disrupt encapsulation or cause
instability. Surface curvature indicated CS/TPP-Tween 80
concentration correlations. The highest EE% was found at
particular CS/TPP ratios and Tween 80 concentrations.

Validation of the optimization model

Specific parameters were entered into Design Expert to
generate the expected composition. The goals were the highest
encapsulation efficiency (%EE), the most favorable particle
size, and the lowest polydispersity index. Based on desirability
values, software-recommended values were selected as a zone
of interest and verified.

The optimized formulation was calculated by numerical
method through Design Expert. Following optimization of
X, X,, and X; (as demonstrated in Table 5), the software’s
estimated desirability value was found to be 0.904, suggesting
a 90.40% chance of accomplishing the goal.

The tween 80 concentration was established at 1.55%
(v/v), and the design space was generated by adjusting the
other two parameters. The Design Expert software generates
an overlay plot (Figure 4) that illustrates the design space for
choosing the best concentration of variables to formulate a
Felbamate nanosuspension with enhanced stability, smaller
particle size, and improved entrapment efficiency. In Figure
4, the bright yellow color defines the acceptable factor setting
where response criteria can be met. Grey color defines the
unacceptable factor settings. The dark yellow color in the
overlay plot represents the area where different optimal
regions overlap. It corresponds to the sweet spot, where the
optimal factor level is present for optimal nanosuspension
formulation.

The final formulation was prepared with optimized CS
concentration, CS/TPP ratio, and Tween 80 concentration,
and its responses were analyzed. The average particle size of
the produced optimized FNS was 115.0 + 4.37 nm. Particle
size distribution was also uniform, as seen by the PDI value
(0.118 + 0.021) being less than 0.5. The entrapment efficiency
of the optimized formula was found to be 90.32 + 4.69 %,
which was near to the predicted values proposed by Design
Expert software.

The summary of optimization is given in Table 6 where
Actual levels are the optimized parameter and the coded levels
are given by software. The design also suggested predicted

Table 5: Optimized formula given by design expert software using box-behnken design

S.No. CS conc. CS/TPP ratio Tween 80 conc.

Particle size PDI

EE% Desirability Desirability (w/o Intervals)

1 0.176 3.338 1.553 116.039

0.127 95.067 0.904 0.925
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Figure 4: The overlay plot provided by design expert software displays
the design space shaded in yellow

Table 6: Responses at optimum conditions: experimental and predicted

values
Optimum conditions Coded levels Actual levels
Chitosan concentration -1.824 0.176
(%w/v)
CS/TPP ratio 0.3 3.3:1
Surfactant concentrations - 0.45 1.55
(%v/v)
Response Predicted values Experimental values
Nanoparticle size (nm) 116.048 115.0 £4.37 nm
Polydispersity Index (PDI) 0.127 0.118 +0.021
%EE 95.069 90.32 +£4.69 %

response values of these optimized parameters which was
confirmed by formulating the FNS using optimized parameters.
The coded levels were calculated by using the equation 5.

Zc

Z:ZO_AZ

(Eq. 5)

The coefficients Z and Z; denote the encoded and real levels
of the independent variables, respectively. A step shift is
denoted by AZ, while the actual values at the central point
are shown by Z...

In-vitro drug release study

Using a release medium (phosphate buffer 6.4), chitosan
nanoparticles were incubated and their Felbamate release
behavior was evaluated using UV spectrophotometry. The
release profiles of felbamate are shown in Figure 5 for
incubation times of up to 24 hours. After 0.5 hours, only 2.8
+ 4.23% of the drug had been released in the case of pure Fb
suspension. In Figure 5, we can see that the initial burst release
of Felbamate from FNS was 25.246 + 3.77% after 0.5 hours in
all incubation media. Felbamate was initially rapidly released,
defined as a “burst effect,” because some amounts were

Cumulative % Drug Release of FNS and FBM Suspension
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Figure 5: Cumulative percentage drug release from FBM suspension
and FNS

concentrated on the surface of nanoparticles via adsorption
and were then easily released via diffusion. The total amount
released over the incubation period was 98.3745 + 0.66% after
an initial burst effect that was followed by a slower sustained
and controlled release.

CONCLUSION

The experimental approach facilitated the systematic
optimization of the nanosuspension formulation by identifying
the physicochemical characteristics that are crucial for
achieving a stable felbamate nanosuspension with both high
efficacy and the capacity to target the brain through the nose.
The design assessed the key variables affecting observed
responses and examined the correlation between each of these
variables using response surface methods. The Statistical
optimization of formulation parameters and assessment of the
major interaction and quadratic effects of independent variables
on particle size, polydispersity index, and entrapment efficiency
of felbamate nanosuspension were successfully achieved using
the Box-Behnken design. This study utilized a 3-factor, 3-level
design to examine the response surfaces of linear and quadratic
functions and to construct a second-order polynomial model.
Based on the results of the experiments and the desirability
criteria, the optimum formulation of felbamate nanosuspension
for nose-to-brain delivery of drugs was found to be 0.176%
chitosan solution, 3.3:1 chitosan/TPP ratio, and 1.55% Tween
80. The in-vitro dissolution investigations of the optimized
nanosuspension demonstrated a significantly higher dissolution
rate compared to the pure felbamate suspension, indicating
a potential improvement in the bioavailability of felbamate.
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